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Room temperature neutron diffraction data of the fully perdeuterated Toho-1 R274N/R276N double
mutant b-lactamase in the apo formwere used to visualize deuterium atoms within the active site of
the enzyme. This perdeuterated neutron structure of the Toho-1 R274N/R276N reveals the clearest
picture yet of the ground-state active site protonation states and the complete hydrogen-bonding
network in a b-lactamase enzyme. The ground-state active site protonation states detailed in this
neutron diffraction study are consistent with previous high-resolution X-ray studies that support
the role of Glu166 as the general base during the acylation reaction in the class A b-lactamase reac-
tion pathway.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The expression of b-lactamase enzymes is a major cause of
resistance to b-lactam antibiotics in gram-negative bacteria. The
b-lactamase enzymes cleave the amide bond in the b-lactam ring,
rendering b-lactam antibiotics harmless to bacteria. Of the four
classes of b-lactamases (classes A, B, C and D), the class A enzymes,
such as TEM, SHV, and the emergent extended-spectrum b-lacta-
mase (ESBL) CTX-M enzymes, exhibit an extensive substrate proﬁle
and are among the most common clinically observed b-lactamases
mainly associated with urinary tract, bloodstream, and intra-
abdominal infections. Speciﬁcally, the CTX-M-type enzymes have
increased hydrolytic activity against the penicillins as well as thechemical Societies. Published by E
ded-spectrum b-lactamases;
nization time-of-ﬂight mass
ic acid; pd-Toho-1 R274N/
ble mutant b-lactamaseﬁrst, second and third generation expanded-spectrum cephalospo-
rins and monobactams [1,2]. Toho-1 b-lactamase, a CTX-M-type
ESBL, is made up of two highly conserved domains (a/b and a)
where the domain interface forms the active site cavity [3,4]. The
class A enzymes utilize an active site serine nucleophile to hydro-
lyze the b-lactam ring on the substrate in a two-step acylation–
deacylation pathway. During the acylation portion of the reaction,
b-lactam hydrolysis begins with the formation of a precovalent
substrate complex and proceeds through a high-energy acylation
transition state to an acyl-enzyme intermediate formed between
the active site serine residue and the substrate b-lactam ring. In
the deacylation half of the reaction, the acyl-enzyme intermediate
is hydrolyzed by a conserved water molecule and proceeds
through a high-energy deacylation transition state to a postcova-
lent product complex in which the hydrolyzed product is released
from the active site region. The complete catalytic mechanism for
b-lactam hydrolysis is shown in Fig. 1. Previous mutagenesis [5–
8], theoretical simulation [9,10], and X-ray structural studies of
the CTX-M [11–14] and Toho-1 [4,15,16] enzymes along the reac-
tion coordinate, including our recent report of the ﬁrst everlsevier B.V. All rights reserved.
Fig. 1. The overall reaction pathway for b-lactam hydrolysis of a cephalosporin-like substrate by the class A b-lactamase enzymes. Steps (1), (2), and (3) constitute the
acylation portion of the catalytic mechanism starting from a precovalent complex (1) moving through a high-energy acylation transition state (2) to an acyl-enzyme
intermediate (3). Steps (4) and (5) comprise the deacylation reaction where a high-energy deacylation transition state (4) collapses to form a postcovalent complex of the
hydrolyzed product.
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greatly toward the understanding of the catalytic mechanism of
the class A b-lactamase enzymes.
Despite the extensive number of mechanistic and structural
studies, important aspects of the mechanism remain unresolved.
In particular, identiﬁcation of the residue acting as the catalytic
base during acylation remains controversial. Multiple mechanisms
have been proposed for the formation of the acyl-enzyme interme-
diate during catalysis that are contingent on understanding the
protonation states and hydrogen-bonding interactions of the
important residues involved in catalysis. In one hypothesis, the
highly conserved Glu166 acts as the catalytic base during acylation
[7,8,11,17–21], whereas other studies suggest that the highly con-
served residue Lys73 acts as the general base for the acylation reac-
tion [6,9,22]. Previous ultra-high resolution X-ray structural
studies of class A b-lactamase enzymes [11,18,19] have identiﬁed
the location of proton positions and the hydrogen-bonding part-
ners of important active site residues providing strong evidence
in support of the hypothesis where Glu166 functions as the general
base in the acylation reaction. Atomic resolution structural studies
such as these are fundamentally limited by the low scattering
power and relative thermal mobility of hydrogen atoms in X-ray
studies [23], making it extremely difﬁcult to observe hydrogen
atoms of key catalytic residues even at very high resolution.
In neutron diffraction studies, neutrons are scattered by atomic
nuclei and deuterium atoms have a neutron coherent scattering
length nearly equal to those of common elements in proteins such
as carbon, nitrogen, and oxygen, thus allowing the positions of
deuterium atoms to be determined directly at resolutions up to
2.5 Å [23]. Our recent neutron structure of the Toho-1 E166A/
R274N/R276N triple mutant clearly revealed the majority of the
active site protonation states and the resulting hydrogen-bonding
network in this class A b-lactamase enzyme [17]. However, in
the absence of both the native Glu166 active site residue and the
conserved catalytic water molecule in the triple mutant neutron
structure, the hydrogen-bonding network adjacent to Ser70 and
Asn170 could not be characterized. Here we report the neutron
structure of the fully perdeuterated Toho-1 R274N/R276N double
mutant b-lactamase (pd-Toho-1 R274N/R276N) in the apo formwhich provides the clearest picture yet of the ground-state active
site protonation states and hydrogen-bonding network in a b-lac-
tamase enzyme. The unambiguous identiﬁcation of the ground-
state active site protonation states in the pd-Toho-1 R274N/
R276N enzyme provides much information that will aid resolving
the controversy over the identity of the catalytic base in the acyl-
ation reaction. The R274N/R276N double mutant enzyme exhibits
improved crystal quality through surface modiﬁcations [24]. The
catalytic proﬁle of the Toho-1 R274N/R276N double mutant
against antibiotic substrates is relatively similar to the wild-type
enzyme [16].
2. Materials and methods
2.1. Expression and puriﬁcation
The gene encoding the pd-Toho-1 R274N/R276N was expressed
inEscherichia coli to a high yield in a fully deuterated minimal med-
ia according to a protocol described previously [25]. All protein
puriﬁcation steps were performed as was previously described
[17]. The deuteration level of the pd-Toho-1 R274N/R276N was
analyzed using matrix-assisted laser desorption/ionization time-
of-ﬂight mass spectrometry and was approximately 99% based
on a comparison of the measured and the theoretical molecular
masses for the pd-Toho-1 R274N/R276N in both hydrogenated
and deuterated solutions (Supplementary material Fig. 1).
2.2. Crystallization
Following deuterium exchange in 20 mM Na 2-(N-morpho-
lino)ethanesulfonic acid pD 6.1, a large crystal of the pd-Toho-1
R274N/R276N was obtained for neutron diffraction studies along
with a smaller crystal suitable for X-ray diffraction studies using
the batch crystallization method in D2O in a procedure adapted
from Tomanicek et al. [17]. Brieﬂy, the batch method was used
for the growth of large crystals for neutron diffraction studies using
500 lL of a 10 mg/ml protein concentration in a solution contain-
ing 2.0 M ammonium sulfate and 0.1 M sodium citrate pD 5.1 pre-
pared in 99.9% D2O at 20 C.
Fig. 2. Protonation states of the active site residues adjacent to Glu166 (a) and
Lys234 (b) identiﬁed by rA-weighted 2Fo  Fc positive nuclear density maps
colored in blue and contoured at positive 1.2r. Nuclear density corresponding to
the orientation of the catalytic water molecule (wat1) is also shown. Hydrogen-
bonding interactions are shown with dashed lines.
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Neutron quasi-Laue diffraction data for the pd-Toho-1 R274N/
R276N were recorded to 2.1 Å resolution at room temperature
using the LADI-III diffractometer at the Institut Laue-Langevin. In
order to obtain an appropriate starting model for neutron data
reﬁnement, room temperature X-ray diffraction data were also col-
lected to 2.2 Å resolution using the SER-CAT 22-BM beamline at the
APS (see Supplementary material).
2.4. Structure determination and reﬁnement
Reﬁnement of the room temperature X-ray model was com-
pleted using phenix.reﬁne [26]. This X-ray model was used as a
starting model for neutron reﬁnement following removal of all het-
eroatoms prior to substitution of deuterium atoms for hydrogen
atoms within the model. The ﬁnal neutron model of the apo
pd-Toho-1 R274N/R276N was obtained after several rounds of
reﬁnement of individual coordinates, individual atomic displace-
ment parameters (ADP), and occupancies against neutron diffrac-
tion data alone. D2O solvent molecules were added to the model
using the phenix.reﬁne program and were adjusted manually based
on analysis of rA-weighted Fo  Fc and 2Fo  Fc positive nuclear
density maps. The ﬁnal Rfactor for the neutron data set was 22.4%
with an Rfree of 25.8% (see Supplementary material). The structure
factors and ﬁnal atomic coordinates of both the room temperature
X-ray and neutron structure of the apo pd-Toho-1 R274N/R276N
have been deposited in the Protein Data Bank with accession codes
2xr0 and 2xqz, respectively.
3. Results and discussion
3.1. Neutron structure of pd-Toho-1 R274N/R276N
We used neutron crystallography to more completely charac-
terize the protonation states and the resulting hydrogen-bonding
interactions of the entire active site region in the ground-state of
the perdeuterated Toho-1 R274N/R276N b-lactamase. Perdeutera-
tion, the complete isotopic substitution of all hydrogen atoms
within a protein for deuterium atoms, provides a powerful advan-
tage in neutron crystallography by signiﬁcantly increasing the sig-
nal-to-noise ratio of the diffraction data by removing the large
incoherent scattering background contribution from hydrogen
[23]. The overall neutron structure of the pd-Toho-1 R274N/
R276N was closely similar to both the room temperature X-ray
model of the Toho-1 E166A [27] (RMSD = 0.27 Å for Ca atoms)
and the 1.03 Å resolution X-ray structure of Toho-1 R274N/
R276N determined at 100 K [24] (RMSD = 0.32 Å for Ca atoms)
and a previous neutron structure of a E166A/R274N/R276N triple
mutant [17] (RMSD = 0.27 Å for Ca atoms).
3.2. Active site protonation states
To conﬁrm the locations of exchangeable deuterium atoms in
the active site region of the pd-Toho-1 R274N/R276N, the initial
neutron model contained no deuterium atoms to eliminate any
possible model bias. Following initial reﬁnement of the model
against the neutron diffraction data, distinct positive peaks in the
difference map were observed that corresponded to deuterium
atoms on the side chains of the active site residues. Deuterium
atoms were added into these positive difference peaks and the
resulting nuclear density maps were analyzed following additional
reﬁnement (see Fig. 2). Unambiguous nuclear density was clearly
present for all deuterium atoms on the active site residues:
Ser70, Lys73, N170, N132, S130, and Lys234 including density thatcorresponded to the position and orientation of the conserved cat-
alytic water molecule (wat1) adjacent to Glu166. The nuclear den-
sity showed that the side chain carboxyl group of Glu166 is clearly
deprotonated in the structure.
3.3. Active site hydrogen-bonding pattern
The complete hydrogen-bonding pattern throughout the active
site region could then be deduced from this remarkably clear pic-
ture of the protonation states in this perdeuterated neutron struc-
ture. Both Lys73 and Lys234 were observed to be fully protonated
in this ground-state neutron structure. However, there was some
uncertainty in the exact positions of the respective deuterium
atoms on the epsilon amino groups of Lys73 and Lys234 at 2.1 Å
resolution. In spite of this, the reﬁned positions for these deuterium
atoms are within acceptable hydrogen bonding distances from
their respective acceptor atoms in the active site region (see Fig. 3).
4. Conclusion
The high degree of structural detail revealed in this ground-
state neutron structure allows us to suggest viable pathways of
Fig. 3. Summary of the hydrogen-bonding network (shown with dashed lines) and
bond distances (Å) in the active site region of the pd-Toho-1 R274N/R276N.
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the neutron structure of the Toho-1 E166A/R274N/R276N [17],
the fully protonated Lys73 in pd-Toho-1 R274N/R276N, acts as a
hydrogen-bond donor to Ser70, Asn132, and Ser130. It also adopts
a conformation analogous to conformation 2 of Lys73 in the X-ray
structure of the native Toho-1 enzyme [4] and the conformations
of Lys73 in two X-ray structures of the CTX-M-9 b-lactamase
[12,14]. The proton on the catalytic Ser70 was observed to be ori-
ented in the direction of the catalytic water molecule (wat1). Both
Glu166, which is observed to be unprotonated in this neutron
structure, and Asn170 act as hydrogen-bond acceptors of the deu-
terium atoms in wat1. Interestingly, the observation that Lys73 is
interacting with Ser130 (conformation 2) in both the Toho-1
E166A/R274N/R276N and pd-Toho-1 R274N/R276N neutron struc-
tures suggests, in the case of the Toho-1 b-lactamase, that the con-
formation of Lys73 may not be entirely coupled to the presence
and protonation state of Glu166, in contrast to that proposed pre-
viously for the CTX-M-9 b-lactamase [21]. The hydrogen-bonding
pattern observed in this neutron structure is also similar to the
ground-state of both the TEM-1 [18] and SHV-2 [19] apo enzymes.
Results from this neutron diffraction study are in strong agreement
with earlier ultra-high resolution X-ray structures [11,18,19] that
suggest Glu166 acts as the catalytic base through the catalytic
water during acylation. However, we cannot disregard an alterna-
tive mechanism that suggests Lys73 acts as the general base and is
only deprotonated on formation of the precovalent complex [6,9].
Additionally, the protonation states in this neutron structure pro-
vide strong evidence in support of a second proton transfer path-
way from Lys73 to Ser130 during activation of the substrate
leaving-group nitrogen to complete the acylation reaction
[8,9,28–30].Acknowledgements
This research was sponsored by the Laboratory Directed Re-
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Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2010.12.017.
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